ABSTRACT Culex pipiens complex is the signiÞcant vector mosquito of West Nile virus. To take stock of the current situation of insecticide susceptibilities and design an ideal mosquito control strategy, we collected Culex pipiens pallens Coquillet, Culex pipiens form molestus Forskal, and Culex quinquefasciatus Say from Þelds in Japan and conducted bioassays for Þve larvicides (fenitrothion, temephos, etofenprox, dißubenzuron, and pyriproxyfen) by using a larval dipping method. Among Þve insecticides tested, obvious reduced susceptibilities were observed for etofenprox, which is the only pyrethroid compound registered as a larvicide in Japan. Twenty-two of 56 colonies exhibited a Ͼ10% survival rate at the etofenprox concentration of 5.7 g/ml, which is a 10 times higher concentration of the working solution. The LC 50 of a colony collected from Fukuoka prefecture for etofenprox exceeded 60 g/ml (resistance ratio Ͼ2,307), and this colony also exhibited cross-resistance to other pyrethroids, permethrin (299-fold) and phenothrin (1,200-fold). The insect growth regulators dißubenzuron and pyriproxyfen were found to be sufÞciently effective enough to control Culex larvae present, but decreased sensitivities to these insecticides were slightly detected in some colonies of Cx. p. form molestus collected from urban areas. Several etofenprox-resistant colonies of Cx. p. form molestus exhibited simultaneously decreased susceptibilities to other insecticides, including temephos, dißubenzuron, and pyriproxyfen.
Culex pipiens complex is the major vector mosquito of lymphatic Þlariasis and West Nile fever. In Japan, three sibling species are distributed; Culex pipiens pallens, Culex pipiens form molestus, and Culex quinquefasciatus. Generally, Cx. p. pallens and Cx. p. form molestus are distributed in the temperate and subarctic regions, whereas Cx. quinquefasciatus distributes in the tropical or subtropical regions. Morphologically, these three species are similar and fairly difÞcult to distinguish, but there are some physiological differences. Cx. p. form molestus usually inhabits underground areas or lives in enclosed dark spaces where blood sources are limited so that females lay the Þrst egg raft without feeding on blood (autogeneny). In addition, this species has the ability to copulate in a narrow space (stenogamy) and to breed without diapause (homodynamy). Because the primary habitat of Cx. p. form molestus is the underground area of buildings, a well-known nuisance area in Japan, they tend to be the target of control by insecticides. Moreover, the development of resistance to organophosphates in Cx. p. form molestus has been reported since the 1980s in Japan (Kawakami 1989) .
In the United States, the West Nile fever epidemic has been ongoing since 1999, and the total numbers at the time of this writing have reached 23,707 patients with 928 fatalities over the past 8 yr (CDC 2007) . The transmission cycle of West Nile virus is alternately rotated between birds (ampliÞer of virus) and mosquitoes (vectors) (Hayes et al. 2005 ). An incidental bite from an infected mosquito (bridge vectors) causes infection of the virus in humans. Effective control of Culex mosquitoes is thus essential to prevent people from developing West Nile fever or West Nile encephalitis. The application of appropriate insecticides is one of the important means for controlling vector mosquitoes. However, continuous use of insecticide has resulted in the emergence worldwide of mosquitoes with developed resistance to various kinds of insecticides (Liu et al. 2004 , Sharma et al. 2004 , Hamadan et al. 2005 , Vatandoost et al. 2005 , Casimiro et al. 2006 , Cui et al. 2006 , Etang et al. 2006 , Tia et al. 2006 .
To date, West Nile virus has not been conÞrmed in Japan, but if it lands in this country, the control of mosquitoes by insecticides will be the primary solution to the epidemic of the disease. In such a case, it will be crucial to know the status of the insecticide susceptibilities of the vector mosquitoes to be able to develop the best control strategy to prevent or minimize resistant development. Thus, it is necessary to conduct broad geographical surveys of mosquito susceptibilities to insecticides in advance of any such outbreak and to calculate the likely effectiveness of insecticide for use in an emergency. This effort will contribute not only to successful mosquito control but also help to minimize the environmental pollution by chemicals. However, insecticide susceptibility of mosquitoes has recently only been rarely examined in Japan, where the incidence of Japanese encephalitis has decreased, and other mosquito-borne diseases such as Þlariasis and dengue have not been prevalent for in the past 40 yr (Hotta 1998 , Shono 2005 .
Herein, we report the current status of insecticide susceptibilities of Cx. pipiens complex to Þve insecticides, with four different modes of action, including organophosphates, pyrethroids, and insect growth regulators (IGRs). Possible mechanisms of the resistance are also discussed.
Materials and Methods
Mosquitoes. Horaana was used as a standard susceptible strain of Cx. p. pallens.
Mosquito larvae were collected from 10 prefectures across Japan, mostly in 2003 and 2004, and they were reared in an insectarium. Species were identiÞed morphologically and by the potential for autogeny, i.e., if the hatched adults deposited eggs without blood, they were judged as Cx. p. form molestus. The localities of the larval collection are given in Table 1 . Larvae were fed a ground diet of insect pellets (Oriental Yeast Co., Ltd., Japan). Adults were maintained on 2% sucrose, and females of Cx. p. pallens or Cx. quinquefasciatus were given bloodmeals from a mouse. Mosquitoes were reared at 26 Ϯ 1ЊC with a photoperiod of 16:8 (L:D) h.
Insecticides. Seven insecticides were used: fenitrothion (97.2%, Sumitomo Chemical Co., Ltd., Tokyo, Japan), temephos (96.0%, Sankyo Lifetech Co., Ltd., Tokyo, Japan), etofenprox (Ͼ99.0%, Mitsui Chemicals, Inc., Tokyo, Japan), dißubenzuron (25.0% wettable powder, Sankyo Lifetech Co., Ltd.), pyriproxyfen (0.5% S granule, Shinto Fine Co., Ltd., Osaka, Japan), phenothrin (95.9%, Sumitomo Chemical Co., Ltd.), and permethrin (91.2%, Sumitomo Chemical Co., Ltd.).
Bioassays. To evaluate the resistance levels of mosquitoes to Þve insecticides, we applied the method (WHO 1981) . Twenty to 30 early fourth instars were exposed to different concentrations of insecticides in 50 ml of distilled water. Two hundred Þfty microliters of an alcohol solution of insecticides (200 times the Þnal concentration) was added to the 49.75 ml of water, whereas dißubenzuron (wettable powder) and pyriproxyfen (granule) were dissolved in distilled water. The mortality was calculated after a 24-h exposure period at 26 Ϯ 1ЊC. Controls were run by adding 250 l of alcohol or distilled water alone. At least three replicates were run for each insecticide concentration. LC 50 values of each insecticide were calculated by the analysis of log concentrationÐprobit mortality regression (Finney 1971) . If a larva could not Fig. 1 . Percentage of survival of Cx. pipiens form molestus, Cx. p. pallens, and Cx. quinquefasciatus collected from Japan exposed to two organophosphate insecticides at three diagnostic concentrations that were calculated according to the toxicities against the susceptible strain (LC 99 , LC 99 ϫ 10, and LC 99 ϫ 100). ßoat to take a breath, it was judged as a dead insect. The resistance ratio was calculated by dividing the LC 50 values of insecticides for each colony by that of the susceptible Horaana strain. For determining the mortality to dißubenzuron and pyriproxyfen, we exposed the larvae until all of the control pupae emerged, and the mortalities were expressed as the percentage of emergence inhibition.
To evaluate insecticide susceptibilities in the Þeld-collected larvae, 20 Ð30 larvae were treated in 49.75 ml of water and a 200 times higher concentration of insecticide (i.e., the Þnal concentrations were LC 99 , LC 99 ϫ 10, and LC 99 ϫ 100 of the susceptible strain). For fenitrothion, temephos, and etofenprox, the mortalities were calculated 24 h after the treatment; and for dißubenzuron and pyriproxyfen, the percentage of emergence inhibition was observed when all control pupae emerged.
Results and Discussion
We collected mosquito samples across Japan and examined the susceptibilities of Cx. p. form molestus (17 colonies), Cx. p. pallens (37 colonies), and Cx. quinquefasciatus (two colonies) to Þve larvicides (Table 1). The collection sites include stagnant water at a childrenÕs park, catch basins at the park and side of the streets, an abandoned pail at a cemetery, and drains. Before the study, we conducted bioassays for Þve insecticides (fenitrothion, temephos, etofenprox, dißubenzuron, and pyriproxyfen) using a standard susceptible strain of Cx. p. pallens (Horaana), and we estimated the LC 99 values for each insecticide (Table  2) . Then, we conÞgured three diagnostic concentrations based on the LC 99 of the susceptible strain, i.e., the LC 99 , a 10 times higher concentration of LC 99 (LC 99 ϫ 10) and a 100 times higher concentration of LC 99 (LC 99 ϫ 100), and the survival rate for each concentration were observed.
The survival rate of all 56 Culex colonies to the two organophosphates is shown in Fig. 1 . Fenitrothion is one of the most popular mosquitocides in Japan so that decreased sensitivity to this insecticide compared with the other insecticides was expected. However, against expectation, fenitrothion exhibited high efÞ-cacy against the Culex larvae in this study. The working concentration of fenitrothion recommended by the manufacturer (the dosage regimen) is Ϸ2.0 g/ml, but we detected a 0% survival rate even at 0.33 g/ml (ϭLC 99 ϫ 10), showing that fenitrothion is still effective at present. Another organophosphate, temephos, was also effective against Culex larvae, and the mosquito populations of most colonies were shown to be controlled with the working concentration of 1.0 g/ml. Only one colony, which was collected from Otemachi, Tokyo, Japan, showed a decreased sensitivity to temephos at LC 99 ϫ 100 (ϭ1.1 g/ml). Although there was a slight difference in the survival rate of mosquito larvae for fenitrothion and temephos (Fig.  1) , this is not due to a difference in susceptibility between fenitrothion and temephos, but rather it is due to the different LC 99 values of the standard susceptible Horaana strain to these insecticides (Ϸ3-fold difference in susceptibility).
Twenty-two colonies showed survival rate of Ͼ10% at the diagnostic concentration of LC 99 ϫ 100 of etofenprox (Fig. 2) . Because the total number of colonies was 56, overall 37% of the colonies contained resistant larvae, which survived at 5.7 g/ml etofenprox. It is noteworthy that three colonies (Chiba, Yokohama, and Fukuoka) of Cx. p. form molestus exhibited a 100% survival rate at LC 99 ϫ 100, suggesting that selection pressures by pyrethroid insecticides were extremely high in these environments. The chitin synthesis inhibitor dißubenzuron was relatively effective against Culex larvae in Japan (Fig.  3) . We detected only one colony (Yokohama) exhibiting a relatively high level of resistance to dißuben-zuron. The survival rate of the Yokohama colony was 47% at LC 99 ϫ 100 (0.92 g/ml). Because the working concentration of dißubenzuron is 0.5Ð1.25 g/ml, our results exhibited that dißubenzuron is effective enough at present in Japan.
Another non-neuron target insecticide, pyriproxyfen, exhibited a slightly lower effectiveness as compared with dißubenzuron (Fig. 3) . However, the diagnostic concentration of pyriproxyfen was much lower than the working concentration of this insecticide so that pyriproxyfen is still sufÞciently effective to control Culex larvae at present. The percentage of colonies that showed survival rates of Ͼ10% at LC 99 ϫ 100 was zero (0/37) in Cx. p. pallens but 30% (5/17) in Cx. p. form molestus, which may reßect the recent intensive use of pyriproxyfen in the regular control activity taken against Cx. p. form molestus in Japan. Thus, the factors related to the resistance mechanism, such detoxiÞcation of metabolic enzymes and insensitivity of the target site, may be concentrated in some populations of Cx. p. form molestus, and thus it is expected that additional selection induced by pyriproxyfen in the Þelds may result in the appearance of resistant colonies in the future.
The colonies that exhibited decreased sensitivities to multiple insecticides are listed in Table 3 . In this table, we set an expedient deÞnition of a resistant colony as the population that showed a Ͼ10% survival rate at LC 99 ϫ 10. Overall, 13 colonies were resistant to multiple insecticides and all of them exhibited resistance to etofenprox (Table 3) . Nine colonies showed cross-resistance to pyriproxyfen and etofen- Fig. 3 . Percentage of survival of Cx. pipiens form molestus, Cx. p. pallens, and Cx. quinquefasciatus collected from Japan exposed to two IGRs, dißubenzuron and pyriproxyfen, at three diagnostic concentrations that were calculated according to the toxicities against the susceptible strain (LC 99 , LC 99 ϫ 10, and LC 99 ϫ 100).
prox. However, resistance to these two insecticides is not always linked. For example, Chiba colony displayed a high resistance to etofenprox (the survival rate at LC 99 ϫ 100 was 100%), whereas its survival rate at LC 99 ϫ 10 to pyriproxyfen was 0%. However, Otemachi and Yokohama colonies were resistant to four insecticides (temephos, etofenprox, dißubenzuron, and pyriproxyfen), but the level of resistance to temephos and dißubenzuron was slightly different (Table 3). These results suggest that resistance mechanisms are not simple, and probably development of resistance to each insecticide is due to different resistance mechanisms. Given mosquitoes need to possess multiple mechanisms to exhibit cross-resistance to insecticides of different mode of action, and considering that mosquito larvae are gradually developing resistance to insecticides as disclosed in this study, it is important to use wide range of larvicides with different mode of action to maintain high control effect and thus to extend the lifetime of insecticides. Insecticide susceptibility status can change eternally, depending on the frequency of insecticide use that can be inßuenced by the emergence of mosquitoes and the social requirement; hence, it is important to regularly monitor insecticide resistance situation in ordinary times against incursion of mosquito-mediated pathogens, including West Nile virus.
The LC 50 values to etofenprox were determined for mosquito colonies in which resistance levels were extremely high (Table 4 ). The resistance ratios to etofenprox exceeded 300-fold in most colonies of Cx. p. form molestus and surprisingly, the LC 50 s of two colonies exceeded 50 g/ml, clearly suggesting that the selection pressure by pyrethroid was tremen- dously high in the Þeld where these colonies were collected. Although we found that several colonies of Cx. p. form molestus have developed high level of resistance to the active ingredient (etofenprox), the actual pesticide product sold on the market in Japan contains a synergist (S-421) so that our results do not necessarily mean that the etofenprox product are useless against mosquitoes in the Þeld. Further study on the effect of the synergist are needed. By any measure, why did mosquitoes show resistance to etofenprox? This compound is relatively unpopular as a larvicide in Japan compared with fenitrothion or pyriproxyfen. To examine the resistance levels to other pyrethroids, we conducted bioassays with a resistant colony of Cx. p. form molestus (Fukuoka colony) for permethrin and phenothrin (Table 5 ). The Fukuoka colony showed cross-resistance to permethrin and phenothrin, with the resistance ratios of 299-and 1,200-fold, respectively. These insecticides are popular as mosquito adulticides in Japan, so that it might be possible that the control of mosquitoes with these pyrethroids induced cross-resistance to etofenprox in larvae. Decreased sensitivity of the target site (sodium channel), the so called kdr-factor, is known to be a mechanism of pyrethroid resistance and insects that possess this feature display cross-resistance to multiple pyrethroids (Shono 1985) . Thus, it is possible that Cx. p. form molestus in Japan also possesses the same resistance mechanism. In addition to kdr, detoxiÞcation enzymes also play very important roles in resistance. The JPal-per strain of Cx. quinquefasciatus that originated from Saudi Arabia displays cross-resistance to several kinds of pyrethroids (Weerasinghe et al. 2001 ) and the major mechanism of this resistance has been demonstrated to be enhanced activities of cytochrome P450 monooxygenases (Kasai et al. 1998) . Because Fukuoka strain exhibited cross-resistance to etofenprox, permethrin and phenothirn, which contain a 3-phenoxybenzyl moiety and which could be the target of cytochrome P450 monooxygenases (P450), hydroxylation of this group via P450 may cause the resistance. Molecular analysis of the sodium channel and metabolic enzymes of the resistant Cx. p. form molestus and Cx. p. pallens are currently in progress in our laboratory.
Several questions exist with regard to the etofenprox resistance of Cx. p. pallens. The major larval habitat of this mosquito species is aboveground open spaces, such as catch basins of parks or streets, and drains. In recent years in Japan, these areas tend to be less likely targeted for mosquito control, and active and mass control of mosquitoes is restricted to Cx. p. form molestus living under buildings. Then, why, how, and when did Cx. p. pallens develop resistance to the pyrethroids? One possible factor is that this mosquito species might be selected by DDT which was used to control medically important pests in the post-World War II period. DDT was used in various applications to control mosquitoes as well as head and body lice. Because the target site of both pyrethroids and DDT is the sodium channel, the kdr (knockdown resistance) factor may have been selected by DDT several decades ago and remained up to the present. Moreover, Asahina et al. (1963) reported that not only Cx. p. form molestus but also Cx. p. pallens, collected at a lumber yard in Tokyo in 1962, exhibited a high level of resistance to DDT. As another possibility, Cx. p. pallens could be selected by mosquito coils and their allied products. These products have been popular in Japan since 100 yr ago, and they are still widely used in most homes in the mosquito season. The active ingredients of these products are pyrethroids such as allethrin, pyrethrin, furamethrin, and so on. Therefore, selective pressure on the Cx. p. pallens population has been continuously sustained, even in recent Japan.
In this study, we tested all the studies using mosquito larvae, and if the decreased sensitivity of larvae to etofenprox was due to the selection in the adulthood as suspected above, adult mosquito potentially have developed resistance to pyrethroids as well. Further studies on the pyrethroid susceptibilities in adult mosquitoes are needed.
In this study, we observed a relatively high incidence of pyrethroid resistance in the Þeld colonies of Cx. p. form molestus. Although the number of colonies tested in this study is insufÞcient to discuss the countrywide situation of insecticide resistance in the Cx. pipiens complex, it is at least clear that Cx. p. form molestus is gradually developing resistance to pyrethroids. The Þndings indicate the control of this mosquito species will be relatively more difÞcult than Cx. p. pallens and Cx. quinquefasciatus. However, the vector competence of Cx. p. form molestus for West Nile fever has not been fully evaluated in Japan. The autogenous and subterranean property of this species leaves room to doubt vector competence. Nevertheless, looking at the situation in a comprehensive manner, the strategy of mosquito control when West Nile virus lands in Japan, assuming it eventually, will importantly depend on both the vector competence of Cx. p. form molestus and the developed levels of insecticide resistance. More studies on biting behavior, population density and host preference analysis on Cx. p. form molestus, and continuous surveillance of insecticide resistance level in the resident areas in Japan, are needed. Furthermore, the number of registered mosquitocides is limited in Japan. The development of new mosquitocides or a diversion of agricultural insecticides into use as mosquitocides (Paul et al. 2006 ) is needed to be considered prospectively preparation for the possibility of an emergency situation.
